H19 is a developmentally regulated gene with putative tumor suppressor activity, and loss of H19 expression may be involved in Wilms' tumorigenesis. In this report, we have performed in situ hybridization analysis of H19 expression during normal rabbit development and in human atherosclerotic plaques. We have also used cultured smooth muscle cells to identify H19 regulatory factors. Our data indicate that H19 expression in the developing skeletal and smooth muscles correlated with specific differentiation events in these tissues. Expression of H19 in the skeletal muscle correlated with nonproliferative, actin-positive muscle cells. In the prenatal blood vessel, H19 expression was both temporally and spatially regulated with initial loss of expression in the inner smooth muscle layers adjacent to the lumen. We also identified H19-positive cells within the adult atherosclerotic lesion and we suggest that these cells may recapitulate earlier developmental events. 
Introduction
The H19 gene is developmentally regulated and exhibits tumor suppressor activity when introduced into cell lines derived from rhabdomyosarcomas (1, 2) . Consistent with this tumor suppressor activity, a decrease in H19 expression is associated with the appearance of Wilms' tumor in the developing kidney (3) . Additionally, the H19 gene is parentally imprinted, expressed only by the maternal allele (4, 5) , and chromosomal abnormalities within the 11p15.5 region containing H19 are associated with the Beckwith-Wiedemann syndrome, a disease characterized by numerous growth abnormalities and predisposition to childhood malignancies such as Wilms' tumor, adrenocortical carcinoma, hepatoblastoma, and rhabdomyosarcoma (6) . Despite these findings, the function and the nature of the H19 gene product have remained obscure. Although this gene is transcribed by RNA polymerase II and exhibits classical properties of a translated mRNA such as RNA splicing and polyadenylation, it is not associated with polyribosomes in fetal mouse liver or in C3H10T1/2 cells (7, 8) . Furthermore, comparison between human, mouse, and rabbit H19 sequences revealed the lack of a conserved translational reading frame (7) (8) (9) . These results, taken together, suggest that the bioactive H19 molecule is not a translated protein but may be the RNA itself. However, a formal possibility remains that some unusual mechanism is used to translate the H19 RNA (10, 11) .
We have been studying blood vessel development in the rabbit and have focused on the late prenatal to early postnatal phase. During this period, vascular smooth muscle transition from an immature (high proliferative, high biosynthetic, and noncontractile) to a mature (low proliferative, low biosynthetic, and contractile) tissue (12, 13) . To gain a better understanding of this process, we previously used differential screening to isolate cDNA clones that were expressed in fetal smooth muscle cells (SMCs) 1 but not in adult cells (9) . We identified a rabbit gene (F31) that was highly expressed in fetal smooth muscle and in cultured fetal SMCs but not in the adult, and this cDNA exhibited a 70% nucleotide sequence identity with human H19 (9) . Subsequent studies revealed that F31 is most likely the rabbit homologue of the human H19 gene (14) . In this work, we have used in situ hybridization to analyze the pattern of H19 expression during the late prenatal to early postnatal phase of rabbit development. Based on these and our previous findings, we also examined the possibility that H19 may be expressed in human atherosclerotic plaques. Finally, we have used cultured fetal SMCs to begin to identify factors that regulate the expression of the H19 gene.
Methods
Cell isolation. Fetal and newborn aortae were dissected and cleaned of fat and adventitia. The aortae were opened longitudinally and the endothelial layer was removed by gentle scraping with a razor. The tissues were subsequently cut into 2-mM sections and incubated with an enzyme solution containing 0.4 mg/ml elastase, 1 mg/ml collagenase, and 1 mg/ml soybean trypsin inhibitor in Hanks' balanced salt solution. The mixture was incubated at 37 Њ C for 20 min, gently ti-trated 30 times with a 10-ml pipette to release the SMCs from the extracellular matrix, and subsequently filtered through a sterile steel mesh (85 m) to remove the undigested tissue. The enzymes in the solution containing the SMCs were neutralized by the addition of two volumes of media containing 10% FBS. The cells were subsequently harvested by centrifugation and seeded at 5 ϫ 10 3 cells/cm 2 in Medium 199 containing 10% FBS, 100 U/ml penicillin G sodium, 100 g/ ml streptomycin sulfate, 0.25 g/ml amphotericin B, and 4 mM l -glutamine. Cells were routinely passaged at a 1:5 ratio and used between passages four and five. For some experiments, SMCs were incubated in low serum media (0.5% FBS, 10 Ϫ 6 M insulin, and 5 g/ml transferrin).
Tissue collection and preparation. Time-pregnant rabbits were killed and the fetuses were removed and used for isolation of SMCs or for histology. For in situ hybridization and immunohistochemistry the fetuses were perfused with 4% buffered formaldehyde for 15 min, 70% ethanol for 15 min, and stored in 70% ethanol overnight. The appropriate tissues were subsequently dissected out and embedded in paraffin by standard procedures. Human atherectomy specimens were flushed out of the instrument chamber with saline solution and fixed immediately with 4% buffered formaldehyde. After 1 h, the specimens were immersed in 70% ethanol for storage and transportation. After dehydration, the tissue fragments were embedded in paraffin that allowed sectioning in the plane of their largest dimension (usually longitudinal). Routine stains included hematoxylin-eosin, trichrome-fibrin, and Van Gieson-elastin.
In situ hybridization. Paraffin-embedded sections of rabbit tissues and human atherectomy samples were dewaxed in xylene (65 Њ C) and treated with 1 mg/ml of proteinase K for 10 min at 37 Њ C. The rabbit tissues were hybridized with an antisense 35 mer oligonucleotide probe based on the sequence of F31 (5 Ј -CTGTCCTCACCGTCA-CACCGGACCATGTCATGTCC-3 Ј ) (9) . This sequence is 97% identical between rabbit F31 and human H19. Human atherectomy specimens were hybridized with an antisense 44 mer oligonucleotide probe based on the sequence of the human H19 gene (5 Ј -CCACGTCCTGTAACCAAAAGTGACCGGGATGAATGCCTG-GCTCC-3 Ј ). Oligonucleotide probes were labeled by tailing with 35 S-dATP using terminal deoxynucleotidyl transferase and hybridized to tissue sections as described with some modifications (15) . For the rabbit samples the hybridization was carried out at 37 Њ C and the wash temperature was increased to 41 Њ C. For the human atherectomy samples, hybridization was carried out at 50 Њ C and the wash was carried out in 0.1 ϫ SSC, 1 mM DTT at 65 Њ C for 1 h. Control experiments using corresponding sense probes and known H19-positive tissues (placenta, fetal liver) and -negative tissues (brain) were also carried out to demonstrate the specificity of the hybridizations. Northern analysis. Total cellular RNA was extracted from cultured fetal SMCs by guanidium isothiocyanate and cesium chloride ultracentrifugation as described previously (16) . The purified RNA was size fractionated on a 1% formaldehyde agarose gel, transferred to nitrocellulose, and hybridized as described (16) .
Immunocytochemistry. Serial paraffin-embedded sections of tissues (5-m-thick) were reacted for 1 h at room temperature with a monoclonal antibody that recognizes all the muscle isoforms of ␣ -actin Figure 1 . Expression of H19 RNA in the gestational day 20 rabbit fetus. In situ hybridization was performed as described in Methods, using a 35 S-labeled 35-base oligonucleotide directed against rabbit H19 RNA. Sagittal section of a gestational day 20 fetus is shown under dark-field illumination. Higher magnification of the tongue and skeletal muscle of the thigh is shown on the top right and bottom right panels, respectively. B, brain; H, heart; I, intestine; D, digits of the forelimb; L, lung; Lv, liver; S, spinal cord; T, tongue; Bn, cartilaginous bone; M 1 , muscle area containing a high level of H19; M 2 , muscle area containing a lower level of H19.
as well as ␥ -actin (diluted 1:50) (Dako Corp., Carpinteria, CA), and a monoclonal antibody that recognizes proliferating cell nuclear antigen (PCNA) (diluted 1:50) (Dako Corp.). Quantitation of the PCNApositive cells was carried out using a Zeiss light microscope, a CCD video camera, and Image-1 image analysis software. Aortic sections (three for each time point) were manually traced and total cells and PCNA-positive cells were counted. Primary antibodies were detected using biotin-conjugated secondary antibody and avidin horseradish peroxidase using a commercially available ABC kit (Vector Labs, Inc., Burlingame, CA). All antibodies were diluted in PBS containing 10% normal goat serum and 1% bovine serum albumin. Controls include omission of the primary antibody, nonimmune IgG of the same class, and known positive tissues: adult SMC of normal arterial media for actin, jejunum crypt epithelium for PCNA.
Results
H19 RNA expression is a marker of developmentally regulated differentiation in skeletal muscle. We performed in situ hybridization analysis to determine the overall prenatal tissue distribution of H19 RNA in a gestational day 20 rabbit fetus (rabbits have a gestational period of 30 d and the period between 20 and 30 d is roughly equivalent to 12.5-19 d in the mouse). Consistent with previous studies in the mouse and human (17, 18) , H19 RNA was abundant in a variety of prenatal tissues including the liver, tongue, limb muscle, heart, kidney, and intestines ( Fig. 1 ). By contrast, H19 was not expressed in neuroectodermal-derived tissues such as the brain and the spinal cord or in the ossification centers of the cartilaginous skeleton ( Fig.  1 ). Since previous in vitro studies have suggested that H19 may function during muscle differentiation (7, 19) , we analyzed the pattern of expression of this gene in greater detail in the developing skeletal muscle. As shown in Fig. 1 , we found that H19 expression in the tongue muscle of a 20-d fetus exhibited a fibrillar pattern. Immunostaining of serial sections using antibodies directed against actin and PCNA revealed that a high level of H19 RNA colocalized with actin-positive muscle cells that generally lacked PCNA staining (Fig. 2) . Additionally, we found that in the limb muscle H19 was also distributed in a distinctive pattern with particularly intense expression found in certain regions (M1) adjacent to the cartilaginous bone ( Fig.  1) . Similar to the tongue muscle, these areas of intense H19 expression were high in immunoreactive actin and lacked PCNA-positive cells (results not shown). Our results indicate that H19 expression in the developing skeletal muscle is not uniform but is positively correlated with differentiating cells high in immunoreactive actin and low in proliferative activity.
H19 expression is temporally and spatially regulated in the developing rabbit aorta. We next examined the expression of H19 RNA in the rabbit aorta during the period between gestational day 20 and 4 wk after birth. Since prenatal blood vessel development in the rabbit has not been examined in detail, we first characterized the prenatal developmental process with respect to morphology, actin and elastin expression, and cell proliferation. PCNA staining of the aorta from gestational days 20-29 neonatal and adult animals was performed to obtain a rough index of SMC replication rate (Fig. 3) . At gestational day 20, ‫ف‬ 65% of the cells were PCNA positive and the number of positive cells remained similar up to day 25. By gestational day 29 the PCNA-positive cells were reduced to 35% and only 10% of the cells were positive in newborn animals while 4-wk-old animals were negative. During this period a dramatic increase in the number and size of elastic fibers could be observed (Fig. 3) : at gestational day 20, only weakly stained, diffuse elastic fibers were present in the aorta. However, by gestational day 29, the elastic fiber content of the vessel wall greatly increased and became well organized (Fig. 3) . Actin levels were not appreciably altered during this period. In situ hybridization revealed that in the gestational day 20 aorta, H19 was prominently expressed by the endothelial cells and also detectable in many of the SMCs (Fig. 4) . However, the SMCs adjacent to the endothelium appeared to express a minimal level of H19, while the cells distal to the lumen contained a higher amount of H19 RNA. In the gestational day 25 aorta, prominent expression of H19 was maintained in the outer medial smooth muscle layers and in the adventitia while H19 expression in the endothelial monolayer and in the inner medial smooth muscle layers became minimal. In gestational day 29 and newborn animals, H19 expression in the aorta was modest and predominantly restricted to the adventitial cells while in the 4-wk-old animal, H19 RNA was not detected (Fig. 4) . Our data indicate that H19 expression is both temporally and spatially regulated during rabbit blood vessel development.
H19 expression in cultured fetal SMCs is regulated by the insulin family of growth factors. As a first step toward understanding the complex pattern of H19 expression observed in vivo, we wish to identify factors that regulate the expression of this gene. Cultured fetal SMCs were used for these studies since we have shown that developmental regulation of H19 is maintained in vitro with only the fetal cells capable of expressing H19 (9) . Previously, it was found that H19 expression was abundant in preconfluent fetal SMCs but downregulated in confluent cells. However, confluent cells cultured in the presence of media containing 0.5% serum, 10 Ϫ 6 M insulin, and 100 g/ml transferrin (low serum media) reexpressed H19 RNA (9) . To gain a better understanding of the unexpected reexpression of H19 in the presence of low serum media, fetal SMCs were cultured in media containing 10% FBS until they became confluent and subsequently parallel dishes were cultured in normal media or in low serum media and analyzed for H19 RNA expression. As shown in Fig. 5 A , cells grown in the presence of normal media did not express H19 once they reached confluency. However, growth in low serum media permitted the reexpression of H19 by day 3 and enhanced H19 RNA level was maintained for at least 4 d (Fig. 5 B ) .
Several scenarios can be envisioned that explain the effect of low serum media on H19 RNA expression. One possibility Figure 4 . Analysis of H19 expression in the developing thoracic aorta. Thoracic aortae from gestational days 20, 25, and 29, newborn, and adult were analyzed for H19 RNA expression by in situ hybridization as described. Liver from a gestational day 20 animal expresses an abundant level of H19 RNA (Fig. 1) and is shown here as a positive control to provide a comparison with the amount of H19 expressed in the aortae. L, vessel lumen. Bar, 11 mm.
is that component(s) of low serum are responsible for the reexpression of H19. It is also conceivable that serum may contain or induce the synthesis of factors that negatively regulate H19 expression. We tested the first possibility by incubating confluent fetal SMCs with normal media, low serum media, or individual components of the low serum media for 3 d and subsequently analyzed H19 RNA levels (Fig. 6 A ) . We found that cells cultured in the presence of insulin expressed the highest level of H19 RNA, approximately fivefold enhancement when compared with cells treated with media alone (Fig. 6 A ) . This indicated that insulin was the major component of low serum media responsible for the enhanced expression of H19 RNA. Since the insulin family of growth factor also includes the structurally homologous IGF-I and IGF-II, we next tested the effect of these factors on H19 expression. As shown in Fig. 6 B , cells treated with 10 ng/ml of IGF-I or IGF-II expressed a substantially higher level of H19 RNA than control cells. By contrast, cells treated with epidermal growth factor, fibroblast growth factor-1, or thrombin had a minimal effect on H19 expression. These results indicate that the insulin family of growth factors is a potent regulator of H19 RNA expression.
Next we tested the possibility that serum contains or induces the synthesis of factors that may inhibit the expression of H19. This possibility is consistent with the fact that the insulin family of growth factors is normally present in serum and, as shown in Fig. 6 A , insulin alone was considerably more effective in enhancing H19 expression than insulin in the presence of 0.5% serum. Cultured SMCs were incubated with low serum media for 2 d and subsequently with media containing 10% serum and analyzed for H19 expression. As shown in Fig.  7 , expression of H19 was considerably enhanced in the presence of low serum media. However, replacement with media containing 10% serum resulted in a decline in H19 RNA expression by 10 h and by 36 h, the level of H19 RNA was ‫ف‬ 10-fold lower than low serum media-treated cells. These results indicate that serum contains or induces the synthesis of factors that inhibit the expression of H19 RNA.
H19 is expressed by intimal cells of the human atherosclerotic plaque. An important aspect of the human atherosclerotic plaque is the presence of modified SMCs that possess morphological and biochemical characteristics similar to developmentally immature SMCs (20-27). Since H19 RNA expression was developmentally regulated in the aortic smooth muscle and was not detected in normal adult smooth muscle (9), we performed in situ hybridization to test the possibility that cells in the atherosclerotic plaque could reexpress H19. As shown in Fig. 8 A , H19 RNA was indeed abundantly expressed by some cells in the atherosclerotic plaque. The expression was not uniform, with cells expressing a very high level of H19 adjacent to H19-negative cells. We analyzed 10 human coronary atherectomy specimens and found that 7 of these contained a substantial number of H19-positive cells. To attempt to correlate H19 expression with morphological or biochemical features of atherosclerotic plaques, the H19-positive samples were further characterized with respect to collagen, elastin, and actin content as well as with respect to the proliferative state (PCNA) of the cells. Fig. 8, A-D , illustrates a typical area where a substantial number of H19-positive cells was found. Van Gieson staining revealed that this region contained a loose matrix that is characteristic of the "myxomatous" region of an atherosclerotic plaque (Fig. 8 B ) . Myxomatous regions are generally enriched in stellate-shaped, actin-enriched cells with smooth muscle characteristics, and as shown in Fig. 8 C , most of the H19-positive cells stained intensely for muscle actin but were PCNA negative. The adjacent, relatively acellular region was highly enriched in dense fibrillar collagen (red) typical of a sclerotic region and was devoid of H19-positive cells. Shown in Fig. 8 , E and F , is a second intimal area containing a region (marked by the asterisk) that possessed elastic fibers (black) and spindle-shaped cells. These morphological features suggest that this is a segment of the coronary intima near the internal elastic lamina and represents the most mature and stable part of the intimal thickening. Although this region as well as the adjacent area composed of aligned cells and some thin elastic fibers contained mostly H19-negative cells, there were a few cells (an example is marked by open arrow) that did express H19. By contrast, the lumenal region, containing loose collagen fibrils but very little elastic fiber, had a number of randomly oriented, H19-positive cells (Fig. 8, E and F ) . We conclude that a subpopulation of atherosclerotic plaque cells can reexpress H19 and some of these cells are likely intimal SMCs.
Discussion

H19 expression in skeletal muscle is consistent with a specific function during myoblast growth-arrest and differentiation.
The function of H19 in skeletal muscle is of particular interest since it is one of the few tissues that continues to express detectable amounts of H19 RNA in the adult (28). Furthermore, H19/MyoH is one of three genes isolated in a screen to identify myogenic determinant loci and cells transfected with MyoD express a high level of H19 only when they are capable of differentiating into myotubes (19) . In this study, we demonstrated that H19 expression was not uniform in the developing tongue or limb muscle but was associated with growth-arrested cells committed to myotube formation. The pattern of expression in the tongue muscle is very similar to that reported for the cyclin-dependent kinase inhibitor, p21, a protein involved in cell cycle growth-arrest (29) . Several studies have implicated p21 as a central player in the induction of cell cycle withdrawal before myogenic differentiation (29, 30) . Does H19 also have a role in skeletal muscle cell growth-arrest and differentiation? Consistent with such a possibility is the finding that reintroduction of H19 RNA into rhabdomyosarcoma cell lines caused growth retardation and loss of tumorigenicity (2) . Furthermore, enhanced H19 expression is associated with cellular growth-arrest and myogenic differentiation in the embryonic cell line C310T1/2s (19) . Our in vivo finding that H19 expression is associated with prenatal skeletal muscle differentiation supports a specific function for H19 during myoblast growtharrest and differentiation.
H19 expression and smooth muscle maturation in the developing aorta. H19 was expressed by all cells of the 20-d prenatal blood vessel. However, with increased gestational age, H19 expression became restricted to the outer layers of vessel wall SMCs and to interstitial cells. H19 expression did not correlate with cell proliferation since PCNA-positive cells were evenly distributed throughout the medial layer. However, previous studies in the rat and the mouse have established that the inner smooth muscle layers of the developing blood vessel are the first to undergo elastogenesis and to acquire a mature, contractile phenotype and that this process did not correlate with cell proliferation (12, 31, 32) . Furthermore, smooth muscle myosin heavy chain, a highly specific marker for the SMC lineage (33) , was detected first in the inner smooth muscle layers of gestational day 19 rabbit aorta (34) . These results indicate that loss of H19 expression may be temporally and spatially correlated with acquisition of the mature SMC phenotype during prenatal development. Our data support a function for H19 during the transition to a mature smooth muscle with loss of H19 expression occurring after the initiation of smooth muscle myo- ) and incubated in low serum media for 2 d, media containing 10% FBS were added back to the cells, and RNA was isolated at indicated time points and tested for H19 expression by Northern analysis. GAPDH is shown as a control.
sin heavy chain expression. Furthermore, our results suggest that this developmental transition in the smooth muscle, unlike that observed for skeletal muscle, is not coupled to cell cycle growth arrest.
Reexpression of H19 in the adult atherosclerotic plaque may reflect recapitulation of earlier developmental events. Research interests in the developmental maturation of SMCs arise from the morphological and biochemical similarities that have been noted between developmentally immature SMCs and lesion-derived SMCs in the adult animal (20-27). These similarities have led to the suggestion that in atherosclerosis and in hypertension SMCs may recapitulate certain aspects of earlier developmental events (21, 35) . We have found that, although not normally expressed by adult SMCs, H19 is reexpressed by modified cells of the atherosclerotic plaque. Given that H19 is also reexpressed by rat intimal SMCs after blood vessel injury (36) , it is possible that the actin-positive, stellateshaped H19-expressing cells are modified SMCs. However, we also found that H19 was expressed by endothelial cells early during prenatal development and it is possible that some of the H19-positive cells in the atherosclerotic plaque are of endothelial origin. Irrespective of the origin of the H19-positive plaque cells, our data suggest that these cells may undergo developmental recapitulation events.
H19 regulation by the insulin family of growth factors. Elegant studies have previously delineated the 5Ј proximal promoter and 3Ј-flanking enhancer elements necessary for the expression of H19 in liver cells (37) . Based on the similar pattern of expression of IGF-II and H19 during embryogenesis and fetal development (17, 38) , their adjacent physical chromosomal location (39) , and their opposed imprinting pattern (4, 40) , it was proposed that these genes may use a set of common regulatory elements including the 3Ј-flanking endoderm-specific enhancers defined for H19 (41). Recent transgenic studies revealed that deletion of the maternal H19 gene resulted in animals that expressed a higher level of IGF-II mRNA and are 27% heavier (42) . This increase was restricted to heterozygotes with the maternal deletion and was attributed to a gain of function of the IGF-II gene. These results support the imprinting model that H19 and IGF-II use a set of common regulatory elements with normal preferential transcription of the maternal-derived H19 gene, possibly due to a stronger promoter or proximity to the enhancer elements and methylationinduced inactivation of the paternal-derived H19 gene and consequent transcription of the paternal IGF-II gene (41, 42) . In this model, the utilization of similar cis and trans regulatory elements presumably accounts for the similar pattern of H19 and IGF-II expression during development. However, the cis elements that regulate expression of the H19 gene in mesoderm-derived tissues have not been delineated and the transcriptional factors responsible for developmentally regulated H19 expression remain unknown. We have demonstrated previously that H19 and IGF-II expression patterns are similar in the developing aorta and that fetal specific expression of these genes is maintained in vitro (9) . Using cultured fetal SMCs, we have now provided evidence for the presence of both positive and negative H19 regulatory factors. This culture system will be useful for further delineating the regulatory network responsible for H19 expression in mesoderm-derived cells. The identification of the insulin family of growth factors as positive regulatory factors for H19 expression is interesting from the perspective of cardiovascular diseases since elevated IGF-I expression can be detected in both the balloon-injured rat aorta and in the human atherosclerotic plaque (43, 44) . It is possible that during embryonic and fetal development locally expressed IGFs could be a permissive factor for H19 expression and partially account for their similar pattern of expression during development.
